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Open access under CC BYIn Aspergillus nidulans a combination of null mutations in halA, encoding a protein kinase, and sltA, encod-
ing a zinc-ﬁnger transcription factor having no yeast homologues, results in an elevated calcium require-
ment (‘calcium auxotrophy’) without impairing net calcium uptake. sltA (±halA ) mutations result in
hypertrophy of the vacuolar system. In halA sltA (and sltA) strains, transcript levels for pmcA and pmcB,
encoding vacuolar Ca2+-ATPase homologues, are highly elevated, suggesting a regulatory relationship
between vacuolar membrane area and certain vacuolar membrane ATPase levels. Deletion of both pmcA
and pmcB strongly suppresses the ‘calcium auxotrophy’. Therefore the ‘calcium auxotrophy’ possibly
results from excessive vacuolar calcium sequestration, causing cytosolic calcium deprivation. Null muta-
tions in nhaA, homologous to Saccharomyces cerevisiae NHA1, encoding a plasma membrane Na+/H+ anti-
porter efﬂuxing Na+ and K+, and a non-null mutation in trkB, homologous to S. cerevisiae TRK1, encoding a
plasma membrane high afﬁnity K+ transporter, also suppress the calcium auxotrophy.
 2010 Elsevier Inc. Open access under CC BY license.1. Introduction
The biological importance and pervasive roles of calcium have
spawned numerous investigations in a plethora of organisms. Yet
there remains a need for new tools and novel approaches if calcium
homeostasis and signalling are to be thoroughly understood. One
severe difﬁculty for investigating the roles of calcium is that many
microorganisms, including the model ﬁlamentous ascomycete fun-
gus Aspergillus nidulans, require only minute quantities of calcium,
easily satisﬁed by trace contamination of media components. The
literature contains very few examples of elevated calcium require-
ments or ‘calcium auxotrophies’ and the degree to which they have
been exploited is limited. In Saccharomyces cerevisiae loss of the
Golgi Ca2+-ATPase Pmr1p impairs Golgi function unless high Ca2+
levels are supplied exogenously (Antebi and Fink, 1992). Although
double mutants lacking both Pmr1p and the vacuolar membrane
Ca2+-ATPase Pmc1p are inviable irrespective of Ca2+ concentration,perial College London, Royal
ollege London, Sir Alexander
 license.triple mutants also defective in the Ca2+-binding subunit of calci-
neurin Cnb1p are viable but require exogenous Ca2+ for growth
(Cunningham and Fink, 1994; Sze et al., 2000). These pmr1 pmc1
cnb1 triple mutants are hypersensitive to high Na+ levels but this
salt hypersensitivity can be overcome by heterologous expression
of an endoplasmic reticulum-located Ca2+-ATPase (Anil et al.,
2008). In any consideration of calcium homeostasis, it is also
important to remember that fungal vacuoles are a major site of
Ca2+ storage (Dunn et al., 1994; Klionsky et al., 1990).
Here we report a new genetic approach using A. nidulans, a
mutationally based elevated requirement for calcium or ‘calcium
auxotrophy’, enabling calcium deprivation conditions and resulting
from mutations affecting gene expression rather than components
of the calcium homeostasis and signalling systems. Speciﬁcally,
null mutations in halA, when combined with null mutations in sltA,
result in an elevated requirement for calcium. halA (Espeso et al.,
2005) is a homologue of S. cerevisiae HAL4 and HAL5, which encode
redundant protein kinases necessary for cation tolerance (Mulet
et al., 1999) and involved in stabilizing the major high afﬁnity K+
transporter along with a number of other transporters at the plas-
ma membrane (Pérez-Valle et al., 2007), whereas sltA (O’Neil et al.,
2002; Spathas, 1978; Spielvogel et al., 2008) encodes a zinc-ﬁnger
transcription factor necessary for tolerance of a number of cations
other than calcium (Spielvogel et al., 2008), which is homologous
to the Ace1 transcriptional repressor of cellulase and xylanase
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halA, sltA has no identiﬁable homologue in S. cerevisiae and other
yeasts, suggesting that it plays a role speciﬁc to ﬁlamentous fungi.
This double mutation-based ‘calcium auxotrophy’ allows direct
selection of suppressor mutations as well as testing of potential
suppressor mutations obtained by reverse genetics. Such suppres-
sor mutations can identify other calcium-related genes and here
they point to relationships between calcium and vacuolation and
between alkali metal cation homeostasis and that of calcium.2. Materials and methods
2.1. A. nidulans techniques
A. nidulans strains carried previously described markers and
were constructed and genetically characterised by standard tech-
niques (Arst et al., 1979; Clutterbuck, 1974, 1993; Espeso et al.,
2005; Nayak et al., 2006; Spielvogel et al., 2008) except for gfp::pe-
pA (AN4416) and deletion alleles of pmcA (AN1189), pmcB
(AN4920), trkA (AN5636), trkB (AN8029) and vcxA (AN0471) which
were constructed by standard techniques (Araújo-Bazán et al.,
2009; Szewczyk et al., 2006; Taheri-Talesh et al., 2008; Yu et al.,
2004) (also see Supplementary Table S1). halA24 and sltA1 have
null phenotypes (Espeso et al., 2005; Spielvogel et al., 2008). Stan-
dard minimal (MM) and complete (CM) media (Cove, 1966) were
used. trkB1 and nhaA mutations were selected after UV mutagene-
sis in a strain of genotype pabaA1 yA2 halAD::pyr-4 sltAD::riboBf
(where pyr-4 is the Neurospora crassa pyrG orthologue and riboBf
is the Aspergillus fumigatus riboB orthologue) as allowing much im-
proved growth on supplemented minimal medium containing no
added calcium and 80 lM BAPTA [1,2-bis(2-aminophenoxy)eth-
ane-N,N,N0,N0-tetraacetic acid] after 5 days at 37 C. The full geno-
types of strains used in displayed experiments are listed in
Supplementary Table S2. All mutant alleles obtained in this work
were subjected to extensive genetic analysis and strains used in
displayed experiments were typical of strains having the same rel-
evant genotype, i.e. no genetic background effects were observed.
The strains used for transformation had genotypes HHF24a (pa-
baA1 yA2 argB2 inoB2 pyroA4 nkuAD::bar niiA4) for pmcA and pmcB
deletions, HHF24c (pabaA1 yA2 inoB2 pyroA4 nkuAD::bar niiA4) for
trkA deletion, MAD1732 (pyrG89 pabaA1 inoB2 wA4 pacC900
nkuAD::bar) for trkB deletion, MAD1739 (pyrG89 pyroA4 nkuAD::-
bar) for vcxA deletion and AMC56 (pyrG89 biA1 pyroA4 nkuAD::bar)
for gfp::pepA tagging.2.2. Alkali metal cation transport
Cation content measurements were as described with minor
modiﬁcations (Cabello-Hurtado et al., 2000; Ramos and
Rodríguez-Navarro, 1985). For Rb+ uptake, 106 spores were inocu-
lated into 100 ml of K+-free minimal MM (with NHþ4 as sole cation)
and incubated at 28 C and 150 rpm. overnight. Initially, 25 ml of
culture was removed, dried, weighed and used to calculate dry
weight. Then, ﬂasks were placed in a shaking bath at 37 C and RbCl
(800 lM) was added. At intervals, 5 ml samples were ﬁltered and
washed in order to follow rubidium uptake. The cell-containing ﬁl-
ters were acid-extracted overnight. For Li+ efﬂux, culture conditions
were the same as for Rb+ uptake, but the (initially K+-free) MMwas
supplemented with KCl and LiCl (10 mM each). After dry weight
determination, cells were collected and resuspended in Li+- and
K+-free minimal medium. Flasks were placed in a bath at 37 C and
5 ml samples were ﬁltered and extracted at different times. Rb+
and Li+ contents were determined by atomic absorption
spectrophotometry.2.3. Ca2+ transport
Largely following (Ugalde and Pitt, 1986), mycelia were grown
18 h at 37 C in supplemented MM with 10 mM CaCl2. Mycelia
were harvested and 5 g mycelia were then incubated in 250 ml
of Ca2+-free MM for an additional hour. Calcium transport was
measured using 25 ml of this culture (0.5 g mycelium) under aera-
tion conditions (2 l min1) in MM containing 1 lCi/ml (640 pmol/
ml, 640 nM) 45Ca2+ with or without cold CaCl2. One milliliter sam-
ples were taken at indicated times, washed in Ca2+-free MM con-
taining 100 lM BAPTA and resuspended in scintillation liquid.
The maximum incorporation measured was of 270 pmol 45Ca2+
per ml of mycelial suspension, containing approx. 3.5 mg of dry
mycelia. The graph shows the amount of 45Ca2+ taken up in
pmol/mg of dried mycelia.
2.4. Microscopy
A. nidulans cells were cultured at 25 C in watch minimal med-
ium as described (Peñalva, 2005). Z-series stacks were deconvolved
using Huygens essential software (http://www.svi.nl/). Maximal
projections of z-series stacks were made with Volocity (http://
www.improvision.com) or ImageJ (http://rsb.info.nih.gov/ij/) soft-
ware. About 40–70 lm germlings were divided into three regions:
basal (50%), medial (25%) and tip (25%). Vacuole measurements
were made with Volocity software; vacuoles were visualised using
CellTrackerTM CMAC blue (7-amino-4-chloromethycoumarin) and
the largest vacuoles in medial regions were measured. Staining
with FM4-64 and CMAC blue was as described (Abenza et al.,
2009; Peñalva, 2005). Germlings were cultured using uncoated,
glass bottom culture dishes (MatTek Corporation). Fluorescence
images were acquired using Hamamatsu ERG cameras and Zeiss
Axiovert 200 or Leica DMI600 inverted microscopes (63, 1.4
numerical aperture objectives), using Zeiss or Semrock speciﬁc ﬁl-
ter sets.
2.5. Construction of deletion cassettes and GFP tagging of PepA
Gene deletion followed the protocol essentially as described
(Araújo-Bazán et al., 2009). Primers are described in Supplemen-
tary Table S1. The A. fumigatus genes used were: pyroA (AN1189/
pmcA), pyrG (AN0471/vcxA, AN8029/trkB), and pabaA (AN5636/
trkA, AN4920/pmcB). Fusion PCR products were puriﬁed and used
to transform nkuAD strains. Transformants were selected on media
lacking the supplement for the auxotrophic marker and the dele-
tion of the target open reading frame was conﬁrmed by both
Southern blot and PCR analysis.
The t-SNARE (soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor present in the ‘target’ membrane in hetero-
typic membrane fusion events) Pep12p homologue, PepA
(AN4416), was tagged with GFP at its N-terminus using a modiﬁed
fusion PCR protocol of (Taheri-Talesh et al., 2008; Yang et al., 2004;
Yu et al., 2004), with A. fumigatus pyrG as selection marker (primers
in Supplementary Table S1). Five transformants showed tandem
integration and one multiple integration. The six strains gave iden-
tical localisation patters for the tagged A. nidulans Pep12p homo-
logue. One transformant with tandem integration was selected
for subsequent use. The sltAD strain expressing GFP-PepA,
AMC289 (Supplementary Table S2), was constructed by meiotic
recombination.
2.6. Real time quantitative-PCR (RTQ-PCR)
3  106 conidiospores ml1 were inoculated into ﬂasks contain-
ing 100 ml minimal medium to which no calcium had been added.
Cultures were incubated for 16 h at 30 C in a shaking incubator at
H. Findon et al. / Fungal Genetics and Biology 47 (2010) 647–655 649200 rpm. Mycelia were harvested by ﬁltration and frozen at
80 C. RNA was extracted using RNA-Bee (AMS Biotechnology).
A 125 ng of total RNA was used to synthesise cDNA using an ar-
chive kit (Applied Biosystems). One ll of cDNA was used with
PCR master mix and TaqMan (Applied Biosystems) in an Applied
Biosystems 7500 PCR system, following the manufacturer’s
instructions. Cycle thresholds were normalised to 18S rRNA and
expressed relative to wild type. Probes are listed in Supplementary
Table S1.
2.7. Statistical analysis
GraphPad Prism 5 software (http://www.graphpad.com/prism/
Prism.htm) and the Newman-Keuls Multiple Comparison Test were
used. Use of Tukey’s multiple comparison test gave very similar
results.Fig. 1. The calcium auxotrophy and effects of halA and sltA mutations on calcium
transport. (A) Growth of strains having the indicated relevant genotypes after
2 days on appropriately supplemented CM at 37 C with no added calcium with or
without 80 lM BAPTA or 200 mM NaCl or 1 M KH2PO4 or with 10 mM CaCl2 is
shown. Virtually identical results were obtained when KCl or NaH2PO4 were used at
the same concentrations as NaCl and KH2PO4 and the growth conditions shown
were chosen to show that Na+ and K+ are toxic to similar extents and that the
toxicity is independent of the anion present. (B) 45Ca2+ uptake was followed for
20 min in wild type, halA24, sltA1 and halA24 sltA1 strains with addition of 0, 2.5 or
10 mM cold CaCl2. Error bars indicate s.d.; N = 3.3. Results
3.1. The combination of halA and sltA mutations results in an
elevated requirement for calcium
A. nidulans is extremely salt tolerant (e.g. able to grow on solid
medium saturated with NaCl). A previously unreported aspect of
the phenotype of null halA mutations in A. nidulans is poor growth
in the presence of high concentrations (e.g. 1 M) of Na+ or K+
(Fig. 1A). In contrast to hal4 hal5 double mutants of S. cerevisiae
(Mulet et al., 1999), null halAmutants are not abnormally sensitive
to high Ca2+ concentrations. Null mutations in sltA result in even
more extreme Na+/K+ sensitivity than null halA mutations (O’Neil
et al., 2002; Spathas, 1978; Spielvogel et al., 2008) (Fig. 1A). There-
fore, to test additivity of alkali cation sensitivities, we constructed
halA sltA double mutants. Not only are the mutations additive,
resulting in extreme sensitivity to a number of cations, both diva-
lent and monovalent, but the double mutants grow poorly on stan-
dard minimal and complete media. However, a striking exception
to this extreme cation sensitivity is Ca2+. Ca2+ and, to a lesser ex-
tent, Sr2+ substantially improve growth of the double mutants on
minimal and complete media such that we routinely supplement
them with Ca2+ (Fig. 1A). The calcium chelator BAPTA exacerbates
the poor growth of halA sltA strains on media lacking added Ca2+
(Fig. 1A).
3.2. The calcium auxotrophy does not result from defective calcium
transport
The most obvious basis for an elevated requirement for calcium
would be a defect in bulk net calcium transport. However, whether
grown with 0, 2.5 or 10 mM Ca2+, halA sltA strains are not defec-
tive in bulk net 45Ca2+ uptake (Fig. 1B). It is, however, worth noting
that calcium-grown mycelia of the sltA strain, but not the halA
sltA strain, show elevated calcium uptake and that, in contrast
to the other three strains, the sltA strain shows no indication that
unlabelled calcium is competing with the labelled calcium
(Fig. 1B). In other words, calcium uptake does not appear saturable
in the sltA mutant.
3.3. sltA mutations result in hypertrophy of the vacuolar system
As bulk calcium transport is not deﬁcient in the calcium auxo-
trophs, our attention turned to the intracellular distribution of cal-
cium and in particular to the role of vacuoles. CMAC blue has
previously been used successfully to visualise vacuoles in both
Aspergillus oryzae (Tatsumi et al., 2007) and A. nidulans (Apostolaki
et al., 2009) and therefore we were able to follow established pro-tocols. In addition, to conﬁrm vacuolar identity, we used a GFP-
tagged version of the endosomal and (mainly) vacuolar mem-
brane-targeted t-SNARE PepA, the orthologue of S. cerevisiae
Pep12p (our unpublished results). In A. nidulans wild type germ-
lings, vacuoles increase in volume with the relative distance to
the tip, such that the largest vacuole is usually located in the basal
conidiospore (Abenza et al., 2009). In comparison, vacuoles are
generally much larger and extend much further toward the tips
in sltA mutants (Fig. 2). The area of maximum projection of the
Fig. 2. Vacuolation of sltA mutant and wild type strains. (A) Vacuoles were visualised using CellTrackerTM CMAC blue or, in conﬁrmation, the endosomal and (mainly)
vacuolar membrane-targeted GFP-tagged t-SNARE PepA (homologue of S. cerevisiae Pep12p). The large vacuole at the left for each strain is the basal conidiospore vacuole.
DIC = differential interference contrast. (B) Vacuoles were visualised with CMAC blue and germlings were stained with FM4-64 with the merged image also shown. sltA54 is a
partial loss-of-function mutation whose selection and characterisation will be described elsewhere. Bar = 5 l.
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eter circular structures] is approximately threefold greater than
that in wild type (Fig. 3A). If vacuoles are assumed spherical for
simpliﬁcation, a threefold area difference would equate to a greater
than ﬁvefold difference in volume. Fig. 3B shows quantitatively the
differences in vacuole numbers in hyphal tip regions between a
sltA null mutant and wild type. In wild type the lipophilic dye
FM4-64 reaches mitochondrial and endoplasmic reticulum as well
as vacuolar membranes (Peñalva, 2005), but in a sltA mutant it
preferentially accumulates at vacuolar membranes (Fig. 2B).
Growth in the presence of calcium largely alleviates vacuolar sys-
tem hypertrophy (Figs. 3 and 4).
3.4. Lack of two putative vacuolar Ca2+-ATPases results in vacuolar
fragmentation and suppresses the calcium auxotrophy
In view of the hypervacuolation of calcium auxotrophs, we
investigated levels of putative vacuolar calcium pumps to see
whether excessive vacuolar calcium storage might be an issue.
A striking effect of deletion of sltA is an increase in pmcA
(AN1189) and pmcB (AN4920) transcript levels (Fig. 5). pmcA and
pmcB are homologues of S. cerevisiae PMC1, encoding a vacuolar
membrane Ca2+-ATPase responsible for pumping excess cytosolic
calcium into vacuoles (Cunningham and Fink, 1994; Marchi et al.,
1999). These transcript level increases are greater still if halA is alsodeleted, reaching twelve-fold for pmcB and sixfold for pmcA (Fig. 5).
Deletion of pmcBweakly suppresses and deletion of both pmcA and
pmcB strongly suppresses the calcium auxotrophy (Fig. 6A). Sup-
pression is independent of BAPTA as it occurs when Na+ is used
to reduce residual growth due to trace calcium contamination
and when neither BAPTA nor Na+ is added (Fig. 6A). Deletion of
both pmcA and pmcB also confers a very slight level of Na+ toler-
ance to halA sltA strains although they remain extremely Na+
sensitive. The deletion of both pmcA and pmcB additionally results
in vacuolar fragmentation and such fragmentation occurs irrespec-
tive of the halA and sltA alleles carried (Fig. 4, inverted contrast in-
set). Very high Ca2+ concentrations (e.g. 700 mM) are moderately
toxic to the wild type, slightly more toxic to pmcAD and pmcBD
strains and very toxic to pmcAD pmcBD double mutants (Fig. 6B).
Even in the absence of exogenously added Ca2+, the growth of
pmcAD pmcBD strains can be improved by addition of Na+ or BAP-
TA to prevent inhibition by trace calcium contamination. Inability
of the halA sltA combination to ameliorate calcium toxicity in
pmcAD pmcBD strains is further evidence that the calcium auxotro-
phy does not result from reduced calcium uptake. We should note
that two Pmc1p homologues localise to both the vacuolar and plas-
ma membranes in N. crassa (Bowman et al., 2009) but caution
should be exercised in the interpretation of these results as the
tagged proteins were expressed using a heterologous promoter
and might have been expressed at higher than physiological levels.
Fig. 3. Quantitation of vacuolar system hypertrophy in sltAD strains. (A) Vacuolar
areas of maximum projection in halAD, sltAD, halAD sltAD and wild type medial
regions of hyphae grown with or without 10 mM CaCl2. Error bars indicate s.d.; 
indicates p < 0.001 as compared to wild type (for sltAD) and to halAD (for halAD
sltAD) grown in the same conditions. NP 10. (B) Numbers of vacuoles in tip regions
of halAD, sltAD, halAD sltAD and wild type germlings grown with or without 10 mM
CaCl2. Statistical analysis as in (A). NP 10.
Fig. 5. Relative transcript levels for trkB, pmcA and pmcB as determined by real time
quantitative-PCR in halAD, sltAD, halAD sltAD and wild type strains. Error bars
indicate s.d.; duplicate biological samples were used with 3 replicates each. 
Indicates p < 0.001 and  indicates p < 0.01.
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S. cerevisiae VCX1, encoding a vacuolar membrane Ca2+/H+ exchan-
ger removing excess cytosolic calcium (Miseta et al., 1999; Pozos
et al., 1996) does not suppress the calcium auxotrophy. However,
although sltA strains do overexpress vcxA, such elevated expres-
sion is strictly dependent upon added Ca2+ (Spielvogel et al., 2008).Fig. 4. The effects of Ca2+ and pmcAD pmcBD on vacuolation. Vacuoles visualised using C
indicated, strains were grown in the presence of 15 mM CaCl2.3.5. Mutations in genes involved in alkali metal cation transport can
suppress the calcium auxotrophy
In order to see whether there might be other mechanisms for
alleviating the calcium auxotrophy in addition to elimination of
vacuolar calcium pumps, we sought suppressor mutations using
classical genetics methodology. Mutations able to suppress the ele-
vated calcium requirement of a halAD sltAD strain were selected on
medium containing BAPTA but no added calcium after ultraviolet
mutagenesis (Fig. 7A). Given that suppression is evident in both
the absence and presence of BAPTA, the suppressors clearly do
not act through an effect on BAPTA. Minor phenotypic differences
suggested that the suppressor mutations fell into two classes.
Using a laborious combination of parasexual, mitotic recombina-
tion and sexual analyses, all in halA sltA backgrounds, genetic
map positions were determined for representatives of both mutantMAC blue in strains of the indicated relevant genotypes are shown in white. Where
Fig. 6. Suppression of the calcium auxotrophy by pmcAD pmcBD and very slightly
by pmcBD and calcium inhibition of pmcAD pmcBD double mutants. (A) Growth of
strains having the indicated relevant genotypes after 2 days at 37 C on appropri-
ately supplemented MM containing 60 lM BAPTA, 50 mM NaCl or 10 mM CaCl2 is
shown. (B) Calcium inhibition of pmcAD pmcBD double mutants. Growth of strains
having the indicated relevant genotypes after 2 days at 37 C on appropriately
supplemented MM with or without 700 mM CaCl2 is shown.
Fig. 7. Suppression of the calcium auxotrophy by nhaA1 and trkB1 and the effects of
these mutations on alkali metal cation transport. (A) Growth of strains having the
indicated relevant genotypes after 2 days at 37 C on appropriately supplemented
MM with 10 mM CaCl2 or no added calcium with or without 80 lM BAPTA or on
appropriately supplemented CM with either 200 mM NaCl or 1 M KH2PO4 is shown.
(B) Efﬂux of pre-loaded Li+ by trkB1 and nhaA1 strains. Error bars indicate s.d.;
NP 3. (C) Rb+ uptake by a nhaA1 strain grown in limiting potassium medium. The
trkB1 mutant fails to grow in limiting potassium medium. In mycelia grown in
potassium-replete medium, Rb+ uptake levels are much lower and do not differ
appreciably among these three strains. Error bars indicate s.d.; NP 3.
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distal regions of the left arms of chromosomes II and IV,
respectively. Plausible candidate autocalled genes in the relevant
genomic regions were then sequenced until mutational changes
were identiﬁed. Of the nine suppressor mutations sequenced, eight
are in nhaA (AN7250) (Fig. 8), a homologue of S. cerevisiae NHA1,
encoding a plasma membrane Na+/H+ antiporter involved in Na+
and K+ efﬂux (Bañuelos et al., 1998; Prior et al., 1996). The ninth
suppressor mutation is in trkB (AN8029), a homologue of S. cerevi-
siae TRK1, encoding a plasma membrane high afﬁnity K+ trans-
porter (Gaber et al., 1988; Ko and Gaber, 1991). There are three
A. nidulans homologues of the S. cerevisiae plasma membrane high
afﬁnity K+ transporters Trk1p and Trk2p. TrkB and TrkA (AN5636)
are more closely related to Trk1p whereas TrkC (AN10136) is more
closely related to Trk2p. nhaA1 creates a frameshift in codon 17,
showing that null nhaAmutations can suppress the calcium auxot-
rophy. In contrast, trkBD does not suppress the calcium auxotro-
phy, thus establishing that the trkB1 mutation, resulting in
Ser372Leu in the 829 residue TrkB protein, is not a null mutation,
a conclusion supported by the fact that the trkB1 mutation is par-
tially dominant in diploids. The responses of trkB1 and trkBD
strains to Li+, Rb+ and Cs+ toxicities are also quite different. For
example, on solid minimal medium in which K+ is replaced by
equimolar levels of Na+, trkB1 strains are slightly resistant to the
toxicity of 20 mM Cs+ whereas trkBD strains are hypersensitive.
We have not investigated trkC but trkAD also does not suppress
the calcium auxotrophy. Transcript levels for trkB do not differ
appreciably among halAD, sltAD, halAD sltAD and wild type strains
(Fig. 5) and transcript levels for nhaA in these strains are virtually
undetectable. To establish ﬁrmly that NhaA and TrkB are involved
in alkali metal ion transport, we examined the effects of nhaA1 andtrkB1 on efﬂux of pre-loaded Li+, a Na+ surrogate, and uptake of the
K+ surrogate Rb+. trkB1 and, to a much lesser extent, nhaA1 impair
efﬂux of pre-loaded Li+ (Fig. 7B). Although trkB1 strains fail to grow
in limiting K+ conditions, nhaA1 strains transport Rb+ at a reduced
rate (Fig. 7C).4. Discussion
We have shown that a combination of null mutations in halA
and sltA results in an elevated calcium requirement or calcium aux-
otrophy, which is exacerbated by a calcium chelator and by alkali
metal cations, and used a combination of reverse and classical
Fig. 8. A predicted topology of the NhaA protein and the positions and amino acid sequence changes of the mutations sequenced. fs = frame-shift.
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basis. Our ﬁnding that this calcium growth requirement is not the
result of defective calcium uptake led us to investigate whether
abnormal intracellular calcium distribution might be responsible.
We found that sltA mutations result in hypertrophy of the vacuo-
lar system and markedly increase transcript levels for two putative
vacuolar calcium pumps. In halA sltA double mutants, transcript
levels for these pumps are increased to an astonishing extent. We
deleted the genes encoding these pumps and found that deletion of
pmcB weakly and deletion of both pmcA and pmcB strongly allevi-
ated the calcium auxotrophy of halA sltA double mutants. In
accordance with a role for PmcA and PmcB in vacuolar calcium
storage and detoxiﬁcation, pmcAD strains are slightly hypersensi-
tive to calcium toxicity and pmcAD pmcBD double mutants are
considerably hypersensitive to calcium toxicity and, in accordance
with the lack of a bulk calcium transport defect in the calcium
auxotrophs, the halA sltA combination does not reduce calcium
toxicity to pmcAD pmcBD strains. All of these ﬁndings suggest that
excessive vacuolar storage of calcium, creating a cytosolic deﬁcit, is
the basis for the calcium auxotrophy. Although aequorin can be
used to determine total calcium concentrations in fungi (Nelson
et al., 2004), so far as we are aware, there are no versions capable
of distinguishing vacuolar from cytosolic calcium nor are there cal-
cium indicator chemicals suitable for use in ﬁlamentous fungi
which can indicate the intracellular distribution of calcium.
To see whether there might be other mechanisms of calcium
auxotrophy suppression we selected mutations bypassing the
requirement for elevated calcium levels. This enabled us to show
that mutations in two genes encoding alkali metal cation trans-
porters can also suppress the calcium auxotrophy. Loss-of-function
mutations in nhaA suppress along with a mutation likely to lead to
gain-of-function or altered function in trkB. The preliminary indi-
cations are that the products of these genes might differ in physi-
ological roles from those of their S. cerevisiae homologues.
Determining the mechanisms of calcium auxotrophy suppression
in these cases will require a thorough characterisation of the phys-
iological roles of NhaA and TrkB and is beyond the scope of this
work.
Beyond the present ﬁndings, this work has highlighted a num-
ber of areas for future attention:
4.1. Vacuolation
Firstly, the vacuolar system hypertrophy of sltA strains might
suggest a relationship between sltA and autophagy and/or arelationship between sltA and vacuolar homotypic fusion. Although
S. cerevisiae has no identiﬁable sltA homologue, mutation of a num-
ber of yeast genes results in oversized vacuoles (Raymond et al.,
1992; Seeley et al., 2002). Secondly, the ability of exogenously
added calcium to reverse the vacuolar system hypertrophy in sltA
strains and the vacuolar fragmentation resulting from combined
deletion of pmcA and pmcB indicate that the relationship between
vacuolation and calcium warrants further investigation. Calcium
stress results in vacuolar fragmentation in S. cerevisiae (Kellerma-
yer et al., 2003). However, deletion of S. cerevisiae PMC1 does not
lead to vacuolar fragmentation (Kellermayer et al., 2003) and
pmc1D was not identiﬁed by an S. cerevisiae genome-wide screen
for deletions altering vacuolar morphology (Seeley et al., 2002).
Vacuolar fragmentation in A. nidulans would appear to depend on
the cytosolic calcium concentration because calcium addition is
not necessary for its occurrence in pmcAD pmcBD strains, and cyto-
solic calcium would appear to regulate directly or indirectly vacu-
olar homotypic fusion. In S. cerevisiae t-SNARE docking triggers
Ca2+ release from the vacuolar lumen and the resulting cytosolic
Ca2+ wave is thought to elicit vacuolar fusion (Merz and Wickner,
2004; Wickner, 2002). Therefore, high cytosolic [Ca2+] might ob-
scure the Ca2+ wave, thus preventing vacuolar fusion. Thirdly,
why do calcium-grown cultures of sltA strains show elevated
45Ca2+ uptake levels and why is this attenuated by a halA muta-
tion (Fig. 1B)? Elevated expression of vcxA in calcium-grown sltA
strains (Spielvogel et al., 2008) might explain the increased
calcium uptake. The fact that the S. cerevisiae Hal4p and Hal5p pro-
tein kinases are necessary for stabilization of a number of trans-
porters at the plasma membrane (Pérez-Valle et al., 2007) might
be relevant to the attenuation. Fourthly, how is the relationship be-
tween vacuolar membrane area and vacuolar membrane ATPases
such as PmcA, PmcB and VcxA determined, given that transcripts
encoding these proteins are increased in vacuolar system hypertro-
phy? Finally, the A. nidulans genome contains three S. cerevisiae
PMC1 homologues in addition to pmcA and pmcB, AN2827,
AN5088 and AN8399 (Harris et al., 2009). Calcium auxotrophy sup-
pression, calcium toxicity and other aspects of the physiological
roles and relationships among the ﬁve PMC1 homologues consti-
tute yet another area of potential interest.
4.2. Alkali metal cations and calcium
Another intriguing avenue for future research and one with rel-
evance in agriculture and medicine is the relationship between al-
kali metal ions and Ca2+. The literature contains a number of
Fig. 9. Model showing vacuolar system hypertrophy and excessive vacuolar Ca2+
sequestration in halA sltA double mutants and vacuolar fragmentation with
defective vacuolar Ca2+ sequestration in halA sltA pmcA pmcB quadruple
mutants.
654 H. Findon et al. / Fungal Genetics and Biology 47 (2010) 647–655reports of antagonistic relationships (e.g. Anil et al., 2008; Berridge
et al., 2003; Epstein, 1998; Laude and Simpson, 2009; Mendoza
et al., 1994; Prasad et al., 2008). halA sltA strains are hypersensi-
tive to alkali metal ions and their elevated calcium requirement
can be suppressed by mutations in genes encoding alkali cation
transporters. In addition, high Na+ concentrations can protect
pmcAD pmcBD strains against Ca2+ toxicity. The mechanisms of cal-
cium auxotrophy suppression by mutations in trkB and nhaA are of
considerable interest as are the physiological roles of these genes
themselves. Further characterisation of the roles and regulation
of NhaA and TrkB and all other alkali metal cation transporters will
be necessary in order to determine the basis(-es) for the suppres-
sion of the calcium auxotrophy by trkB1 and the nhaA mutations.
trkB1 is likely to be an altered function or gain-of-function muta-
tion. It is tempting to speculate that its mutationally altered resi-
due, Ser372, might be a phosphorylation substrate, particularly
as Yenush et al. (Yenush et al., 2005) have reported a physiological
interaction between S. cerevisiae Trk1p and phosphatase Ppz1p and
demonstrated in vivo phosphorylation of Trk1p. Although phos-
phorylation of Trk1p plays an activating role, there is no reason
to suppose that this aspect of regulation has been conserved
through several hundred million years of evolutionary divergence
of S. cerevisiae and A. nidulans, particularly in view of the indica-
tions of functional divergence of the homologues in the two organ-
isms. A negative role of Ser372 phosphorylation in TrkB seems
plausible. Trk1p is phosphorylated by Hal4p and Hal5p (Mulet
et al., 1999; Yenush et al., 2005) but the ability of trkB1 to suppress
the calcium auxotrophy of strains having a null halA allele would
indicate that any phosphorylation of TrkB Ser372 is not done by
the Hal4p/Hal5p homologue HalA. An HMMTOP (www.enzim.hu/
hmmtop) prediction is that TrkB has eight trans-membrane (TM)
domains and that Ser372 is in a highly conserved cytosolic loop be-
tween TM2 and TM3. The effect of trkB1 on Li+ efﬂux appears no-
vel; to our knowledge, no such role has been reported for a TRK1
or TRK2 allele.
Selection for suppression of the calcium auxotrophy could eas-
ily yield numerous additional nhaA mutant alleles, enabling an
extensive mutational dissection to accompany a biochemical and
physiological analysis. An earlier report (Kamauchi et al., 2002)
suggested that A. nidulans NhaA contains 12 TM domains. Various
TM prediction sites predict between 10 and 13 TMs for NhaA and
between 9 and 13 TMs for S. cerevisiae Nha1p. Fig. 8 shows our se-
quenced mutations placed on an HMMTOP prediction in which
NhaA contains 13 TM domains with the long hydrophilic C-termi-
nus located inside. Amongst our eight sequenced mutations are
single residue substitutions in predicted TM4, TM5, TM10 and
TM12 and in the predicted 12 residue internal loop between
TM11 and TM12 as well as a truncation almost immediately after
TM13, removing 58.5% of the protein, comprising the poorly con-
served, predicted cytosolic C-terminal region (Fig. 8). It is worth
noting that the C-terminal moiety of S. cerevisiae Nha1p is essential
to function (Kamauchi et al., 2002; Mitsui et al., 2004).
4.3. The calcium auxotrophy
The halA sltA elevated calcium requirement or ‘calcium aux-
otrophy’ of A. nidulans is a valuable new tool for investigating cal-
cium signalling and homeostasis, enabling the selection and
physiological characterisation of mutations in calcium-related
genes. The elevated calcium requirement and the new information
on the phenotypes of halA and sltAmutations are also of interest in
the context of intracellular cation distribution and homeostasis. Of
possible relevance to this work are the ﬁndings that loss of the
major isoform of phosphoglucomutase in S. cerevisiae combined
with transfer of the mutant to galactose medium results in exces-
sive calcium uptake as a result of PMC1 over-expression and thatdeletion of PMC1 improves growth of the phosphoglucomutase-
less mutant on galactose (Aiello et al., 2004). In A. nidulans, the vac-
uolar system hypertrophy as a consequence of sltA mutations, the
strikingly elevated transcript levels for pmcA and pmcB in halA
sltA double mutants, the ability of combined deletion of pmcA
and pmcB to alleviate the calcium auxotrophy and the calcium sen-
sitivity of pmcA pmcB double deletants argue that excessive vacu-
olar sequestration of calcium and the consequent cytosolic
deprivation are responsible for the elevation in calcium require-
ment. Our hypothesis for the basis of the calcium auxotrophy is
modelled in Fig. 9. The idea that a mutation(s) leading to vacuolar
hypertrophy and over-expression of vacuolar calcium pumps con-
stitutes a means for depriving the cytosol of calcium by excessive
vacuolar storage, enabling manipulation of intracellular calcium,
is one of possibly widespread utility.
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